Introduction
Fused filament fabrication (FFF) is an additive manufacturing (AM) process that builds 3D physical parts by extrusion of melted polymer filaments. FFF is one of the most important AM processes because of the ease of operation and low cost of machinery (Levy et al., 2003; Rosochowski and Matuszak, 2000) .
An FFF machine (see Figure 1) consists of an extruder head with heated nozzle for depositing plastic filaments, typically of diameter 1.75 or 3 mm. Some machines have a single nozzle while others have multiple nozzles (normally two: one for depositing part material and the other for support material). The tool path of the extruder head is based on computer numerical control system which enables material to be deposited in a precise pattern on the platform and also controls movement of the platform.
The process involves the movement of filaments from the filament reels through a system of rollers into the extruder head where it is heated to a molten state and then deposited onto the movable platform. The deposited material (called a "road" (Ahn et al., 2002 ), see Figure 2 ) then cools and solidifies. On completion of deposition of a layer the platform will move downward (in the Z -direction) so that another layer can be bonded on top of the previous layer. This process of stacking and joining continues until the part is complete. The need for FFF parts to have reliable mechanical properties, dimensional accuracy and surface finish (Sun et al., 2008; Anitha et al., 2001; Ahn et al., 2002 ) has been identified.
Several studies have assessed the effect of process parameters on the mechanical properties, accuracy and surface roughness of fabricated parts in FFF machines, and these are summarised in Table 1 .
Road width Air gap
Raster angle 
Materials and methods

Experimental Approach
The approach taken has been to identify a set of impact (notched and un-notched), tensile and flexural specimens, and to manufacture these using a range of processing conditions, in order to retrospectively assess the ability of the different test techniques to provide measurements which were good indicators of mechanical integrity and dimensional accuracy. Sample mass was also recorded. The specimens were all manufactured using a Bits from Bytes (BFB) 3D
Touch FFF machine, using 3 mm diameter PLA filament, also sourced from Bits from Bytes.
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Figure 3 
Where, F is the highest recorded applied force at centre of beam, L is the span, b is the specimen width, h is the specimen thickness, and ∆ ∆ ⁄ is the slope between the applied force and deflection in the linear elastic portion of the curve. ( Figure 3b ). All the impact tests were carried out using a Digital Pendulum Impact tester with pendulum capacity of 22 J. The impact strength was then calculated using equations 2 and 3 for notched and un-notched specimen respectively:
Where is the impact strength, is the measured impact energy, h is the thickness, b is the width and is the remaining width under the notch of the test specimens (as shown in Figure 3 ).
Manufacture
Four different sets of processing parameters were used to make the parts, as shown in Table 2 below. The parameters which were varied were print speed, layer thickness, and fill density.
Specimens were made in different built orientation in the FFF machine. The orientation is the angular positioning of parts in the build chamber in reference to X, Y, and Z axes where XY plane is parallel to the build table, and there Z -axis is perpendicular to the table (as shown in Figure 1a ). Print speed is the linear speed of movement of the extrusion head in the XY plane. For this specific machine a "speed multiplier" is used to increase or decrease the speed of the nozzle relative to a speed of approximately 16 mm/s (1X). Speed multipliers of 1X and 1.3X (~21.33 mm/s) were used in this study. The print speed of 16 mm/s was the recommended print speed for this machine/material combination, and the 1.3X multiplier was selected as the maximum speed which the control software (Axon 2.0) allowed. Initial testing showed that the 1.3X print speed produced consistently successful builds. Layer thickness is the thickness of deposited layer.
Typically layers are deposited using a "skin/core" approach. The outer perimeter of a layer is defined by extruding a number of continuous roads of material to define the "skin". The area inside the skin is known as the "core" and is then filled by extruding material. To save on material and build time the fill pattern is commonly less than 100% dense, and a variety of fill patterns can be used. The fill density is the nominal density with which material will be deposited in the core region of a layer. In this study two nominal fill densities of 20% and 100% were used. Figure 4 shows the extruder paths which these nominal values produced for each layer of the flexural test parts, as derived from the G-code which the BFB machine produced, and shows that because the parts were not much thicker than the wall thickness that the difference between the two fill densities was smaller than the nominal percentages would imply. This effect was also evident in tensile and impact specimens.
Specimens oriented along the Z-axis have been shown to have the lowest mechanical properties when load is applied perpendicularly to the layers (Bellini and Güçeri, 2003; Bagsik et al., 2010; Sood et al., 2010; Es-Said et al., 2000; Munguia et al., 2014) . Zorientation of specimens was thus expected to be the worst case for evaluating interlayer bond strengths. Forty five ISO designed specimens (see Table 2 ) with five each oriented in X-, Y-and Z-orientations were made with 100% fill density (process parameter set G2) to assess the variation of mechanical properties with build orientations. Initial testing indicated that five specimens per test condition was a practical number to gain an indication of the variation of properties. Eighty Z-oriented ISO designed specimens were made with the parameter set in Table 3 . 
Experimental procedures
Specimens preparation and microscopic examination
A Buehler Isomet 5000 was used to section specimens for microscopic examination, followed by cleaning in water in an ultrasonic bath. Thereafter, the internal structures of the specimens were then observed using a Nikon SMZ 1500 optical microscope.
Determination of mass of specimens
The mass of flexural, tensile and impact specimens was determine by weighing the fabricated specimens before test with a precision weighing balance (KERN PFB 200-3) with division size of 0.001g and accuracy +/-0.1%.
Dimensional accuracy
The height, length and width of the flexural specimens were measured using a Mitutoyo
Digital Calliper with a resolution of 0.01mm and accuracy of 0.03 mm, and then compared with the dimensions in Figure 3 to determine the dimensional accuracy. Figure 6 and Figure 7 show the variation of sample mass of flexural, tensile, and notched and un-notched impact specimens, all made in the Z-orientation. It is clear that G samples are on average heavier than the equivalent F samples, and that 2 samples are on average heavier than the equivalent 1 samples. Figure 8 shows the variation of dimensional accuracies of length, width and thickness with parameter sets of parts made in the Z orientation. Whilst the thickness of parts was on average the least accurate of the dimensions, there is no significant difference between the parameter sets. Figure 11 shows the variation of flexural and tensile modulus with the parameter set. G samples generally have higher average stiffnesses that F samples and 2 samples are generally stiffer than 1 samples, with the differences mostly not significant at a 95% confidence level. A significant difference is only observed between the modulus of F1 and F2 of flexural specimens. Figure 12 shows fracture surface micrographs of impact specimen. It can be observed that the specimen fails due to porosity between layers and by rupturing of roads. Tensile sample  Flexural sample   G2  G1  F2  F1  G2  G1  F2 Figure 12 Fracture surface of impact specimens with their build orientations. All parts made with process parameter set G1. Figure 5 confirms that the tensile, flexural and impact strengths of the test parts vary significantly (p<0.01) with build orientation. This agrees with other studies of FFF (Bellini and Güçeri, 2003; Sood et al., 2010; Es-Said et al., 2000; Sophia et al., 2015) . We consider that any evaluation of the mechanical properties of parts made using FFF which wishes to consider the worst case must include testing of Z-oriented parts.
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Variation of mechanical properties with build orientations
Variation of mass with parameter sets
The results shown in Figure 6 and Figure 7 can be explained by the following. The increased average mass of the G samples over equivalent F samples can be explained by the lower layer thickness of G samples, which results in less porosity. The increased average mass of 2 samples over 1 samples is as a result of the different build strategies outlined in Figure 4 , which means that 2 samples contain more material.
Variation of Z-oriented specimens Mechanical Properties with Parameter Sets
From Figure 9 to Figure 11 , it can be observed that strengths and modulus of specimens made with process parameter sets F2 and G2 are higher than that of specimens made with parameter sets F1 and G1. As the trend follows that of sample mass shown in Figure 6 and Figure 7 , Figure 13 to Figure 15 show the same data, but on the basis of specific properties.
When expressed in this way the tensile moduli and notched impact strengths for all parameter sets do not vary to the same extent, with the tensile moduli showing no significant difference, and only the G1 specimens showing a small difference in notched impact strengths from the other parameter sets. For the other strength measures and for the flexural modulus the degree of variation is reduced but the trends are broadly unchanged. For the flexural strength and modulus values, this may be related to the second moment of area effects in bending, and for both the tensile and flexural strengths the size and distribution of flaws will have some influence. The un-notched impact strength seems to be significantly influenced by layer thickness. The role of the notch in the notched impact test is to focus crack initiation in a particular area, and it seems that when this causes inter-layer debonding, even for parts with different layer thicknesses, to occur in a consistent manner. 
Selection of tests and specimen type for QA purposes
Tests for quality assurance purposes are not required to assess material properties per se, they need to provide a clearly actionable measure which for practical reasons should be as broadly applicable as possible. In terms of the tests evaluated, the test which is considered to give the clearest view of whether or not a build has been successful is the notched impact test, as illustrated by Figures 10 and 15 . This gives a measure which, within the constraints of the study presented here, is largely independent of the process parameters, giving a test which can be used routinely to track machine performance. Impact testing is also quick and relatively low cost. On the basis of the results of this study we would propose that a Zoriented notched impact test specimens, as illustrated in Figure 3 , would be an appropriate test specimen for routine QA testing to qualify parts manufactured using an FFF system, with the impact strength, dimensions and weight recorded and used within a statistical process control framework.
Conclusions
 The mechanical properties of parts made using FFF are anisotropic, with the poorest properties along the Z orientation.  Notched impact testing of parts built in the Z-orientation offers a test method which, within the constraints of this study, is independent of process parameters. This then offers a convenient test with which to track machine performance over time, as in principle the same test and control limits can be applied across builds with different layer thicknesses and speeds.
